We demonstrate how growth parameters may be adopted to produce morphologically controlled high-quality indium phosphide (InP) nanowires suitable for optoelectronic device applications. Growth temperature, V/III ratio, and catalyst particle size have a significant effect on the morphology, crystallographic quality, and optical properties of the resulting nanowires. Significantly, we find that higher growth temperatures or higher V/III ratios promote the formation of wurtzite (WZ) nanowires while zinc-blende (ZB) nanowires are favourable at lower growth temperatures and lower V/III ratios. Results also show that InP nanowires grow preferably in the WZ crystal structure than the ZB crystal structure with increasing V/III ratio or decreasing diameter. This causes a blue-shift in the bandgap as growth temperature increases. These results show that careful control of growth temperature, V/III ratio and catalyst size are crucial for obtaining InP nanowires of a specific crystal structure needed for device applications.
Introduction
Nanowires of III-V semiconductor materials can be used as building blocks for applications in optoelectronic devices and nanophotonics [1, 2] . This is possible with careful selection of III-V alloy compositions to allow the manipulation of band gaps. One important factor for successful use of InP nanowires in device applications is the precise control of nanowire growth to achieve the desired morphologies and high crystallographic quality. While the bulk form InP exhibits a cubic or ZB structure, InP nanowires in turn commonly show WZ or mixed ZB/WZ structures with crystal defects, such as stacking faults [3] [4] [5] [6] . Experimentally, numerous studies have been focused on how to control the InP nanowire crystal structure through various techniques, for instance MOCVD, molecular beam epitaxy (MBE), and chemical beam epitaxy (CBE) using either catalyst-assisted or catalyst-free growth procedure, including selective-area epitaxy, because the crystal structure (whether it is ZB or WZ) can significantly affect optical properties as the band structures of nanowires change with the crystal phase. Most of these studies demonstrate how growth parameters can be tailored with the aim of obtaining stacking fault-free InP nanowires. In the case of InP nanowires that are grown epitaxially on InP (111)B substrates, the ZB phase nanowires are often found to have rotational twins [6, 7, 8] and the WZ phase with stacking faults [9] .
The tunable bandgap of InP nanowires compared to bulk InP offers a wide range of applications in optoelectronic and high-speed electronic devices including photodetectors, lasers, light-emitting diodes, transistors and solar cells. The aforementioned devices demand nanowires with good morphology, high quality crystal structure and controllable optical properties. This can be realized by tailoring growth parameters to achieve nanowires of uniform diameter along their length and structurally controlled nanowires where crystal defects including rotational twins and stacking faults can be minimised. We find that by careful control of growth temperature, V/III ratio and catalyst size, one can tune the emission wavelength of the nanowires which is attractive for device applications.
Experiments
Nanowires were grown on semi-insulating InP(111)B substrates. These substrates were first functionalised with poly-L-lysine solution and then treated with Au colloid solution containing Au nanoparticles. Nanowires, catalysed by these nanoparticles, were grown by low pressure horizontal flow MOCVD using trimethylindium (TMIn) and phosphine (PH 3 ) precursors at temperatures between 400 ºC and 520 ºC. Growth times were between 20 and 60 minutes. Field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM) and photoluminescence (PL) were employed to study the structural, crystallographic and optical properties of these nanowires [10, 11] .
Results and discussion
Effects of growth temperature and V/III ratio. Growth temperature and V/III ratio are found to have very significant effect on nanowire morphology, where irregular nanowires are produced at low growth temperatures and low V/III ratios whereas straight <111>-oriented nanowires are produced at higher-growth temperature and/or higher V/III ratios. Increasing the temperature and V/III ratio further, however, increases nanowire tapering, where nanowire bases are wider than tips. Thus an intermediate combination of temperature and V/III ratios are chosen in order to obtain the best compromised vertically aligned InP nanowires with minimal tapering [10] . 
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Based on TEM analysis, a map of crystal structure of InP nanowires as a function of temperature and V/III ratio is constructed as shown in Figure 2 . The nanowires exhibit ZB crystal structure at low V/III ratios combined with low growth temperatures (yellow shaded region). As the growth temperature and V/III ratio increase, the nanowires show a mixed ZB and WZ structure (red shaded region) before forming a stable WZ-dominated structure (green shaded region). WZ nanowires free of stacking faults are observed at a specific condition (450 o C and V/III of 300) in this transition region. Fig. 2 , Map of crystal structure in the range of V/III ratio 44 to 700 and growth temperature of 400 to 510.
Effects of catalyst particle size. Au nanoparticle size is also found to strongly affect the InP nanowire crystal structure and optical properties. TEM studies confirmed that nanowires can be grown predominantly in the zinc-blende phase or completely WZ phase irrespective of the nanoparticle size, as illustrated in Figure 3 . Interestingly, nanowires grown in between these two regions (mixed ZB/WZ region of Figure 2 ), exhibit diameter dependent crystal structures, with the smaller Au nanoparticle size exhibiting wurtzite crystal structures whereas larger Au nanoparticle size show a ZB dominated structure [11] . Optical properties. Controlling the InP nanowires phase transition is important because the crystal structure was found to have a significant influence on their optical properties. Depending on the growth conditions, low temperature PL analyses showed exciton peaks between 1.42 to 1.50 eV, corresponding to the pure ZB and WZ crystal structure, respectively. For instance, PL spectra of Figure 4 were measured from ensembles of nanowires grown at V/III ratio of 700 under two different growth temperatures. The PL spectra show a blueshift by 55 meV when the temperature is increased from 400 to 450 o C. Previous investigations by Titova et al. [12] and Mishra et al. [13] used polarisation and temperature-dependence photoluminescence studies to compare the optical properties of ZB and WZ InP nanowires grown at constant V/III ratio of 110 have shown that ZB nanowires emit at 1.42 eV (the free exciton emission line) while the excitons in WZ InP nanowires Advanced Materials Research Vol. 832 203 emit at 1.49 -1.50 eV, which are consistent with other reported values for ZB and WZ structures [14] . From this, one can see that the emission for the 400 o C nanowire is at 1.44 eV, 20 meV higher than the expected emission energy for ZB InP. This shift indicates the presence of twin defects in ZB structure [11] . The 450 o C nanowire on the other hand emits at 1.495 eV is consistent with Mishra et al. [13] which is attributed to the bandgap energy for WZ crystal structure. With increasing growth temperature, the crystal phase changes from ZB to WZ, and this causes a blueshift in the PL peak. 
Summary
The InP nanowire growth conditions have been optimised through growth parameters including growth temperature, V/III ratio, Au catalyst size and growth rate. This study shows that there are many growth parameters that can influence the morphology-crystal structure-optical relationships in InP nanowires. By controlling growth parameters, InP nanowire morphology can be optimised, thus producing nanowires with minimal tapering and uniform diameters, while their crystal structures can be tuned to obtain desired properties. This will allow InP nanowires of known crystal structures to be designed and grown for future nanowire-device applications.
